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Abstract—This paper presents a power-efficient Ultra Low
Voltage (ULV) Fully-Differential (FD) Digital-Based Operational
Transconductance Amplifier for Biomedical signal processing
(BioDIGOTA), which digitally processes biological analog signals
using CMOS standard-cells. Post-layout simulations, including
parasitic effects in 180nm CMOS technology, show that BioDIG-
OTA consumes only 144 nW at 300 mV of supply voltage while
driving a 20 pF capacitive load, with a power efficiency factor
(PEF) lower than 1. The layout occupies 0.03 mm2 total silicon
area, excluding I/0 pads. The proposed BioDIGOTA proves that
digital-based analog design can be adopted in biomedical signal
amplifiers, lowering the total silicon area by 2.3X times compared
to the current state of the art landscape while keeping reasonable
power and system performance.

Index Terms—Ultra-Low Voltage (ULV), Operational
Transconductance Amplifier (OTA), Digital-Based Circuit,
Internet of Things (IoT).

I. INTRODUCTION

WEARABLE and implantable electronics are nowadays
a well-established research field and a thriving in-

dustrial technology [1–3] and Body Dust, which refers to
envisioned drinkable, autonomous bio-electronic circuits with
dimensions suitable to be internalized into the human body to
sense and transmit clinical pieces of information, is emerging
as the new frontier of electronics for biomedical applications
[4], [5].

Body Dust applications, however, raise a stringent trade-
off between system performance, such as signal-to-noise ratio
and signal integrity, and the IC power/area, as required to
meet the tight miniaturization requirements and to operate
under the sub-µW power range, which can be collected by
micrometer-scale electromagnetic or ultrasound harvesters.
These constraints are hard to be achieved by analog and mixed
signal circuit design techniques at the state of the art [6–13].
For instance, Body Dust ICs for temperature [14], pH [15] and
drugs/biomarkers concentration [16] monitoring applications
demand sub-0.1mm3 silicon volume, which constrains the
available harvested power accordingly (state-of-the-art energy
harvesters offering 7.4µW/cm3 power density [17] translate to
sub-nW power for 0.1 mm3 silicon volume).

Aiming to energy-autonomous operation and low area, a
power supply voltage VDD in the near-threshold region, close
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Fig. 1. Power vs Area reduction for ADCs [23], DACs [24], OTAs [25],
[28], voltage reference [26] and oscillators [27]. comparing traditional analog
and digital-based approach

to the minimum energy point [18], is adopted in digital circuits
to boost the energy efficiency, and energy-quality scaling [19]
is leveraged to save power whenever full performance is not
needed. The low-power techniques adopted in digital designs,
however, do not apply to analog interfaces in advanced nodes
[20], which are indeed the bottleneck in terms of power, cost
and performance [21], [22].

Given this limitation, there has been a fast-growing research
interest towards the implementation of traditionally analog
blocks, like ADCs [23], DACs [24], OTAs [25], voltage ref-
erences [26] and oscillators [27], by low-cost CMOS digital-
based replacements. Those solutions achieve relevant power
savings and area reduction compared to traditional analog
solutions with similar performance, as shown in Fig. 1 [22],
what makes them potential candidates to meet the require-
ments of Body Dust applications. In addition to that, digital-
based analog circuits, unlike traditional ones, take advantage
of scaling and of the benefits of a digital design flow.

Aiming to approach the Body Dust requirements, the DIG-
OTA approach presented in [25] is proposed in this paper
for the first time for biomedical signal amplification, to take
advantage of the power and area reductions of digital-based
analog design.

The paper is organized as follows: in section II, the DIG-
OTA circuit operation is briefly reviewed, and the new fully
differential BioDIGOTA circuit is presented, along with design
guidelines for power and noise reduction. In section III the
performance of the proposed BioDIGOTA is tested by post-
layout computer simulations, and it is compared with state of



Fig. 2. a) Schematic of the Single-End Passive-less DIGOTA circuit
proposed in [25] b) DIGOTA State-transition diagram.

the art. Finally, in section IV, some concluding remarks are

drawn.

II. BIODIGOTA CIRCUIT DESCRIPTION AND DESIGN

The operation of a DIGOTA differential circuit presented in

[25], [28], [29] is firstly reviewed and then exploited to design

the proposed fully-differential BioDIGOTA.

A. DIGOTA Circuit Description

The schematic of a passive-less DIGOTA is shown in

Fig.2a [25]. The input differential stage includes two Muller

C-elements driven by the input voltages (vIN+,vIN−), which

both control the inherent self-oscillation of the common-mode

compensation loop (MullerC, Inverters and MCSwap). This

self-oscillation behavior is similar to that of the common-mode

compensation loop found in the first DIGOTA prototypes [28],

[29]. Two inverters are used to sense the voltage level of

MullerC output voltages (vMUL+,vMUL−) with respect to their

trip points (VT), resulting in four possible logical outputs:

(MUL+,MUL−) = (0,0),(1,1),(1,0),(0,1) corresponding to

states A, C, B and D in the state-transition diagram shown in

Fig. 2b.

For vIN+ = vIN− the circuit oscillates between states A and

C, with a natural oscillation frequency f0 approximately given

by

f0 ≈ IMC

ΔVMULC MUL
(1)

where ΔVMUL is the swing of the vMUL+(−) at output of the

MullerC elements, CMUL is their parasitic output capacitance,

and IMC is equivalent drain current in function of vIN+(−).

Fig. 3. DIGOTA circuit state and main waveforms time evolution [25].

Eqn.(1) assumes perfect matching between the MullerC ele-

ments, their internal NMOS/PMOS strength and inverters and

also neglects the delay of the rest of the self-oscillation loop

components.

Once vIN+ �= vIN−, i.e., there is a differential input signal

to be amplified, the waveforms of vMUL+(−) are no longer

identical (Fig. 3 for t > t0): e.g., in state A, in which vMUL+(−)

are both increasing, if vIN+ > vIN− (vIN+ < vIN−), vMUL−
(vMUL+) is lagging since the capacitor CMUL in the inverting

(non-inverting) branch is charged by a lower current compared

to the corresponding capacitor in the non-inverting (inverting)

branch. As a consequence, vMUL− (vMUL+) crosses the trip

point of the inverter INV- (INV+) after vMUL+ (vMUL−) crosses

the trip point of the inverter INV+ (INV-) and, for a certain

time interval (MUL+,MUL−) = (0,1) ((MUL+,MUL−) =
(1,0)) the state B is activated as detailed in Fig.2b. An

analogous behavior can be observed in state C, leading to

transitions to state D, as shown in Fig. 3.

In states B and D the output stage is activated and

Vout is increased (decreased) if (MUL+,MUL−) = (0,1) (

(MUL+,MUL−) = (1,0)) according to the sign of the differ-

ential input signal vd = vIN+−vIN−, remaining in these states

for a time interval

Δt � δvMUL(vd)C MUL

IMC
, (2)

where δvMUL = vMUL+ − vMUL− = gmrovd, which is propor-

tional to vd given by Eqn. (2).

When (MUL+,MUL−) = (0,0),(1,1), the circuit is in

either state A or state C and the MCSwap block is turned

on to track the input common-mode signal. A more detailed

description of the circuit operation can be found in [25].

B. Fully-Differential BioDIGOTA

In this paper, the DIGOTA concept outlined in Sect.IIa is

extended to a fully differential, AC-coupled amplifier, targeting
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Fig. 4. a) BioDIGOTA schematic b) Fully differential DIGOTA.

TABLE I
FULLY-DIFFERENTIAL DIGOTA TRUTH TABLE

DIGITAL INPUTS DIGITAL OUTPUTS

IN+ IN− OUT+ OUT− CM+ CM− SP+ SN+ SP− SN−
0 0 0 0 ON OFF ON OFF ON OFF

0 0 0 1 ON OFF OFF OFF OFF OFF

0 0 1 0 ON OFF OFF OFF OFF OFF

0 0 1 1 ON OFF OFF ON OFF ON

0 1 0 0 OFF OFF OFF ON ON OFF

0 1 0 1 OFF OFF OFF ON ON OFF

0 1 1 0 OFF OFF OFF ON ON OFF

0 1 1 1 OFF OFF OFF ON ON OFF

1 0 0 0 OFF OFF ON OFF OFF ON

1 0 0 1 OFF OFF ON OFF OFF ON

1 0 1 0 OFF OFF ON OFF OFF ON

1 0 1 1 OFF OFF ON OFF OFF ON

1 1 0 0 OFF ON ON OFF ON OFF

1 1 0 1 OFF ON OFF OFF OFF OFF

1 1 1 0 OFF ON OFF OFF OFF OFF

1 1 1 1 OFF ON OFF ON OFF ON

the requirements of electrocardiogram (ECG) biosignal ampli-

fication [6–13], whose architecture and design is described in

what follows.

The proposed fully-Differential (FD) BioDIGOTA is capac-

itively coupled to the input source, as shown in Fig 4 (a).

BioDIGOTA comprises the passive components (Cin,Cfp,Rfp)

and a FD noise-optimized version of the single-end passive-

less DIGOTA presented in last subsection II-A [25], as detailed

in Fig. 4 (b).

For the FD version of DIGOTA, the output stage consists of

two three-state inverters generating the positive and negative

output voltages. The transistors in these stages are driven so

that they amplify the differential input voltage, as in the basic

DIGOTA circuit, and also keep constant the common-mode

output voltage, based on the digital signals IN+, IN−,OUT+

and OUT−. IN+ and IN− catch the input signal variations and

are equivalent to (MUL+,MUL−) from previous subsection

II-A, while the digital signals OUT+ and OUT−, which are

high (low) when the output voltage vout+, vout− are above

(below) the trip point VT �VDD/2, track and compensate the

output CM. The truth table I shows how the output stages as

well as the MCSwap are activated to perform the correct signal

amplification.

To better describe the differential signal amplification and

input/output common mode signal cancellation in the proposed

circuit, it is convenient to divide the input digital codes in

two subsets: a subset in which IN+ �= IN− (bold in Table

I) and a subset in which IN+ = IN−. For IN+ �= IN−, the

sign of the differential input signal is detected and can be

amplified. As consequence, the output stages are activated

to amplify the input signal according to its sign (positive or

negative), regardless the OUT+ and OUT− values. On the

other hand, when IN+ = IN− the sign of the differential input

signal cannot be detected, the MCSwap stage is activated as

in the DIGOTA circuit in Fig.2a, and the output common

mode signal is also tracked and corrected. For this purpose,

under OUT+ = OUT− = 0 (OUT+ = OUT− = 1), the output
stages are activated so that to increase (decrease) both the

output voltages, as required to enforce a common-mode output

voltage close to VT �VDD/2.

In other words, compared to the single-ended DIGOTA,

from the truth table I it can be observed that whenever IN+

and IN− are (0,0) or (1,1), while the input common-mode

is compensated as in DIGOTA, the output common mode

component is increased (decreased) if OUT+ and OUT− is

(0,0) (is (1,1)), whereas the CM output stage is kept at high

impedance only when OUT+ and OUT− is (1,0) or (0,1).

C. BioDIGOTA circuit design

Since most of the noise contribution is related to the input

stage, its design deserves a special care in order to meet

the requirements of biomedical signal amplification. In the

BioDIGOTA presented in this paper, the area of the MullerC

is increased one hundred times to reduce noise [30], by

connecting 100 cells in parallel. To get more insights, the

impact on the noise efficiency factor (NEF), as defined in [7],

is analysed:

NEF = vni,rms

√
2Itot

VT4kBT πBW
(3)

where VT is the thermal voltage, kB is the is Boltzmann’s

constant, T is the temperature, Itot is the amplifier’s current,

BW is its bandwidth, and vni,rms is its input-referred noise.

Using only one MullerC as done in [25], most of the power

consumption is concentrated in the output stage. In this case,

sizing up the input stage has lower impact on the power,

Itot, compared to the benefits of the noise reduction, vni,rms.

By simulation, it was found that, increasing the MullerC 100



a)

b)

0.24 0.25 0.26 0.27 0.28
Time (s)

-2

-1

0

1

2

(m
V)

input
output

100 102 104 106

Frequency (Hz)

-150

-100

-50

O
ut

pu
t P

SD
 (d

B)

F

2 3
45

c)

Fig. 5. a) BioDIGOTA final layout in CMOS 180nm, area breakdown
and power breakdown b) BioDIGOTA transient response. c) Wide spectrum
density for output signal from b) for input amplitude of 100 μV at 40 Hz.

times, a good trade-off between area, power and noise can be

achieved.

Minimum-size devices have been used in the MCSwap. The

output stages’s strength is set by considering the capacitive

load of 20pF and the slew rate requirements for low-distortion

analog signal reconstruction. The strength of the other gates

is designed based on their fan-out as cascaded drivers.

III. SIMULATIONS RESULTS

The layout of the proposed FD BioDIGOTA in 180nm

CMOS is depicted in Fig. 5a. In this layout, the delays of

the non-inverting and inverting signal paths as well have been

matched and the active components have been integrated under

the MiM capacitors, to further reduce the area. The circuit’s

layout occupies just 0.03 mm2 achieving 2.36X lower silicon

area compared to the minimum size found in the current

literature [11]. As also detailed in Fig. 5a through the area

breakdown, more than 50% of the area is filled by the MullerC

logic-gates for noise reduction purpose while almost 40% of

the total has only MiM capacitor. In another words, only 0.018

of 0.03 mm2 has active devices, including the pseudo-resistors.

The operation and performance of the BioDIGOTA have

been analyzed by post-layout simulations and is then compared

with amplifiers presented in recent literature.
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A. Post-Layout Simulated Performance

The time-domain input and output waveforms of the pro-

posed FD BioDIGOTA at VDD = 300mV, with sine wave input

at 40Hz frequency, 100 μV peak amplitude and Cout = 20pF

capacitive load are reported in Fig.5b and reveal the operation

of the circuit as an opamp with less than 2% THD and 150nW

of power consumption. A zoom in output waveform shows the

step-wise changes in vout resulting from its intrinsically digital

operation [25], [28], [29]. The power breakdown is also in-

cluded in the Fig.5a. The wideband output spectrum is reported

in Fig.5c, revealing in-band harmonics (THD=1.5%) and the

out-of-band self-oscillation frequency tone at f0 ≈ 18kHz.

1) Frequency Response: In view of the digital opera-

tion of the BioDIGOTA circuit, its frequency response and

noise power spectral density (PSD) have been simulated by

PSS+PAC+PNoise analysis [32], which linearize the circuit

around its natural self-oscillation frequency f0, given by

Eqn.(1). The ULV BioDIGOTA frequency response reported

in Fig.6 exhibits 30dB in-band gain and 270Hz bandwidth

under Cout = 20pF load. In the same plot, the common-mode

to differential-mode conversion (CM-DM) frequency response



TABLE II
PERFORMANCE SUMMARY AND COMPARISON

Performance [13] [9] [10] [31] [12] [11] [7] [8] This
work∗ Unit

Application ECG-EEG ECG ECG - EEG EEG ECG ECG - nm

Blocks/features
LNA, chop,

PGA,
AA-filt

LNA
LNA,
chop,
DLS

LNA LNA,
VGA

LNA, DSL,
Chop, Imp
Ripple-rej.

LNA, Chop,
DSL,

Imp-boost,
Ripple-rej

LNA, SC
LNA,
Dig.
Flow

Technology 180 65 65 180 180 40 180 180 180 nm
Supply Voltage 0.2/0.8 0.6 0.6 1 0.45 1.2 1.35 1 0.3 V
Dia Area 1 0.2 0.6 0.29 0.25 0.071 0.24 2.33 0.03 mm2

Power 790 1 16.8 250 730 2,000 18.7 620 144 nW
Gain 58 32 51-96 25 52 26 36 22.3 30 dB
BW 670 370 250 10,000 10,000 5,000 240 5,000 270 Hz
CMRR 85 60 80 84 73 - 95 91.8 77 dB
PSRR 74 63 67 76 80 - 68 83 80 dB
THD 0.3 - 2.8 - 0.53 0.02 0.16 0.025 1.5 %
Input-Referred
Noise 36 1,400 253 43 29 40 158 11.85 31 nV/

√
Hz

NEF 2.1 2.1 2.64 1.07 1.57 4.9 0.86 0.45 0.82 -
PEF 1.6 2.64 4.1 1.14 1.12 28 0.99 0.2 0.2 -

∗simulation;

Fig. 9. Integrated Noise Histogram (µ=1.97µVRMS and σ=0.813µVRMS).
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Fig. 11. Gain Histogram (µ=28.2dB and σ=1.13dB).

along with PSR are also depicted, showing an in-band CMRR
and PSRR of 77 and 80 dB, respectively. Fig.7 shows the
power spectral density of the input-refereed noise, revealing an
integrated noise of 3.1µVRMS over the bandwidth from 0.01Hz
to 10kHz, corresponding to a 31 nV/

√
Hz average PSD over

the same bandwidth.

2) Process Variations: The BioDIGOTA has been tested
under process variations for VDD = 300mV by Montecarlo
(MC) simulations performed on 100 samples and the output
THD has been considered in order to evaluate the signal
quality degradation. The output THD histogram reported in
Fig.8 reveals a mean value of µ = 5.13% and standard devi-
ation of σ = 1.74%, i.e., σ

µ = 34%. Noise is also an relevant
specification for low bio-potential signals and the integrated
noise histogram is plotted in Fig. 9, achieving σ

µ = 41%. Power
and middle-band gain histograms are also reveled in Fig. 10
and 11, reaching σ

µ = 20.1% and σ

µ = 4%, respectively.

B. Comparison with the State of the Art

Compared to biosignal amplifiers proposed in recent litera-
ture [6–13], whose performance is summarized in Tab. II, the
BioDIGOTA presented here is able to work properly at the
lowest VDD (2X lower than [9], [10]), at the lowest silicon
area (2.36X lower than [11]) and shows itself as the best-in-
class power-efficient topology for CMOS technology, along
with [8], considering PEF as the benchmark. The comparison
in terms of NEF and PEF versus area is also illustrated in Fig.
12. Moreover, the results of post-layout simulations performed
on the proposed BioDIGOTA demonstrates a relevant power-
efficiency and area reduction, as previously predicted in Fig.
1 [22].

IV. CONCLUSION

The most usual analog circuit in biomedical signal pro-
cessing front-ends is the fully differential amplifier (FDA). It
has been used as the main core in the implementation of fil-
ters, amplifiers, signal conditioners and compressors, current-
voltage converters, and in many other processing blocks,
as well as in signal converters (such asADCs and DACs)
and power management. Unfortunately, the performance of
traditional implementations of FDAs is strongly limited by the
extreme low-voltage (ULV) and low-power (ULP) constraints
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imposed by many intra-body applications. In this paper au-
thors propose a Digital-based Fully-Differential Operational
Transconductance Amplifier that emulates an analog FDA
in the digital domain, presenting much better performance
than its analog counterpart when operating in ULV and ULP
conditions. The proposed FDA architecture can also be imple-
mented using CMOS standard-cells that are available in any
fabrication process.

To enable processing the bio-potential signals digitally with
static logic gates, a ULV Passive-less FD BioDIGOTA has
been presented here achieving at VDD = 300mV a NEF = 0.82
and PEF= 0.2, while consuming just 144 nW and 0.03 mm2 of
silicon area with 30 dB gain and 31 nV/

√
HZ power spectral

density. Through this implementation, digital-based analog
design has proven as a good design alternative to reduce area
and design effort achieving high power-efficiency.
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